Cell division is achieved by a plasma membrane furrow that must ingress between the segregating chromosomes during anaphase [1] [2] [3] . The force that drives furrow ingression is generated by the actomyosin cytoskeleton, which is linked to the membrane by an as yet undefined molecular mechanism. A key component of the membrane furrow is anillin. Upon targeting to the furrow through its pleckstrin homology (PH) domain, anillin acts as a scaffold linking the actomyosin and septin cytoskeletons to maintain furrow stability (reviewed in [4, 5] ). We report that the PH domain of anillin interacts with phosphatidylinositol phosphate lipids (PIPs), including PI(4,5)P 2 , which is enriched in the furrow. Reduction of cellular PI(4,5)P 2 or mutations in the PH domain of anillin that specifically disrupt the interaction with PI(4,5)P 2 , interfere with the localization of anillin to the furrow. Reduced expression of anillin disrupts symmetric furrow ingression that can be restored by targeting ectopically expressed anillin to the furrow using an alternate PI(4,5)P 2 binding module, a condition where the septin cytoskeleton is not recruited to the plasma membrane. These data demonstrate that the anillin PH domain has two functions: targeting anillin to the furrow by binding to PI(4,5)P 2 to maintain furrow organization and recruiting septins to the furrow.
Anillin Binds to PIPs
The C-terminal portion of anillin is required for its targeting to the cleavage furrow [6, 7] , but the mechanism of targeting has not been defined. This region of anillin contains a pleckstrin homology (PH) domain and an adjacent region conserved across anillin species, the anillin homology (AH) domain (Figure 1A) . In Drosophila melanogaster, a group of maternaleffect lethal mutations that disrupt cellularization and the hatching of embryos was discovered to be a series of point mutations in the PH domain of anillin [8] . These defects stem from a reduced stability of the pseudocleavage furrow that led to a failure of the furrows to enclose the nuclei to form individual cells. Furthermore, the mutant anillins were recruited less efficiently to the furrow and there was a progressive loss of the mutant anillins at the ingressing furrow canals, suggesting that the mutants have a reduced ability to interact with the membrane. We tested two of the mutants in HeLa cells, T991I, T, and G998E, G (equivalent to D. melanogaster T1076I, G1083E, respectively; [8] ) and found that both GFPtagged proteins failed to be targeted to the cleavage furrow (see Figures S1B and S1C available online), suggesting that the PH domain is involved in targeting anillin to the cleavage furrow.
The C terminus of anillin binds to many factors, including RhoA and septins [5] . However, we found that the T and G mutations in the PH domain did not disrupt anillin binding to RhoA-GTP or septins in in vitro binding assays (Figures 1B and 1C) , suggesting that the failure of the mutant anillins to localize to the cleavage furrow was independent of RhoA and septins.
In the PH domain, the T mutation lies in the b1 strand, whereas the G mutation lies within the b1 and b2 connector, a region in other PH domains associated with PIP binding [9] . Therefore, the mutants may fail to localize to the furrow because of an inability of the PH domain to interact with PIPs. To test this model, we used a fluorescence polarization assay [10] to determine the dissociation constant for anillin binding to different phosphoinositide (PI) ligands. The human AH-PH (hAH-PH) region of anillin could not be concentrated sufficiently to allow the determination of dissociation constants. In contrast, D. melanogaster AH-PH (dAH-PH), amino acids 815-1,201 [11] , was stable at high concentrations. dAH-PH preferentially bound to PI(3,4,5)P 3 , PI(4,5)P 2 , PI(3,4) P 2 , and PI(5)P compared to other PIPs that bound weakly with dissociation constants greater than 150 mM ( Figure S1D ; Table 1 ). To further confirm these interactions, we assayed the ability of AH-PH to comigrate with liposomes containing different PIPs on sucrose flotation gradients ( Figures 1E and  1F ). Proteins and liposomes were mixed and layered underneath a sucrose gradient. After centrifugation, liposome associated proteins are in the upper part of the sucrose gradient, the supernatant fraction (S), whereas proteins that did not bind to liposomes are in the lower fraction, the pellet (P). dAH-PH ( Figure 1E ; Figure S1F ) and hAH-PH ( Figure 1F ; Figure S1G) comigrate with liposomes containing PI(3,4,5)P 3 and PI(4,5)P 2 , demonstrating a conserved interaction with these lipids. However, binding to PI(5)P and PI(3,4)P 2 was not conserved. The reason for this difference between the assays is unclear, but perhaps when presented in the context of a liposome rather than just the lipid head group, the AH-PH domain exhibits different binding characteristics. These data suggest a conserved binding activity of AH-PH domains of anillin for PI(3,4,5)P 3 and PI(4,5)P 2 .
Mutations in the PH Domain Reduce PIP Binding As the T and G mutations disrupt anillin targeting to the cleavage furrow ( Figures S1B and S1C) , we examined the interaction of the mutants with PIPs. For dAH-PH, the T and G mutations showed a 2-to 3-fold reduction in binding to PI(3,4,5)P 3 but a 10-to 20-fold reduction in binding to PI(4,5)P 2 , PI(3,4)P 2 , and PI(5)P (Table 1) . Likewise, the T and G mutants of hAH-PH exhibited similar qualitative differences in binding to these lipids ( Figure 1G ). Furthermore, the T and G mutants in both dAH-PH and hAH-PH exhibited Figures S1F and S1G ). In contrast, only the hAH-PH domain had a reduced interaction with PI(3,4,5)P 3. Again the binding of hAH-PH and dAH-PH to PI(3,4)P 2 and PI(5)P was not consistent across species. How the mutations within the PH domain affect PIP binding is unclear. Based on the crystal structure of the human anillin PH domain [12] , the G998E would introduce a negative charge into a putative PIP binding pocket, but the T991I mutation, which does not lie in the pocket, may be expected to have an indirect effect.
Taken together, these data demonstrate that the anillin-PI(4,5)P 2 binding is conserved across phyla and binding assays. Because depletion of PI(4,5)P 2 levels disrupts cytokinesis [13] [14] [15] , our observation that anillin mutations disrupt PI(4,5)P 2 binding and furrow targeting provide a possible mechanism for how anillin is targeted to the cleavage furrow.
PI(4,5)P 2 Is Required for Anillin Targeting to the Cleavage Furrow PI(4,5)P 2 accumulates at the cleavage furrow and is required for successful completion of cytokinesis [13, 14] (Figure 2 ). In contrast, other PIPs, PI(3,4,5)P 3 and PI(3)P and phosphatidylserine (PS) localize throughout the plasma membrane but do not become enriched at the cleavage furrow ( Figure 2 ). -PX binds to PI(3)P, MBP-Akt-PH domain binds to PI(3,4,5)P 3 , and MBP-PLCd1-PH domain binds to PI(4,5)P 2 . S, liposomes bound fraction; P, unbound fraction. Representative blot with quantitation is shown in Figure S1 . (E) MBP dAH-PH domain liposome binding assay; wt, wild-type; T, T1076I; G, G1083E. Representative blot with quantitation is shown in Figure S1 . (F) MBP-hAHPH liposomes binding assay; wt, wild-type; T, T991I; G, G998E G. Representative blot with quantitation is shown in Figure S1 . (G) Binding of MBP-hAH-PH to BODIPY-labeled phosphoinositides (mP, millipolarization units). Error bars are 6 SEM.
To address which PIPs may be involved in targeting anillin to the furrow in vivo, we disrupted the production of different PIPs within the cell. The PI3 kinase inhibitor wortmannin [16] inhibits phosphorylation of the 3 position on the inositol ring, but did not prevent targeting of anillin or a PI(4,5)P 2 biosensor to the cleavage furrow. In contrast, plasma membrane targeting of a PI(3,4,5)P 3 biosensor was disrupted under these conditions ( Figure 2B ). These data suggest that PI(3,4,5)P 3 , PI(3,4)P 2 , and PI(3)P do not play a prominent role in recruiting anillin to the cleavage furrow.
To assess the involvement of PI(4,5)P 2 in anillin targeting, we reduced cellular levels of PI(4,5)P 2 by expressing a membrane-targeted form of the PI(4,5)P 2 -specific PI5P phosphatase domain of synaptojanin 2 (Sj2) [17] [18] [19] . In cells expressing Sj2, anillin and the PI(4,5)P 2 biosensor were diffuse throughout the plasma membrane rather than localizing to the cleavage furrow ( Figure 2C ). These data suggest that a PIP with a phosphate at the 5 position is required for anillin recruitment to the furrow, the best candidate being PI(4,5)P 2 . Consistent with this model, a recent study found that the redistribution of PI(4,5)P 2 to large cytoplasmic vacuoles resulted in a concomitant redistribution of anillin to these vesicles from the plasma membrane during cytokinesis [15] . Although anillin has a lower affinity for PI(4,5)P 2 than other PI(4,5)P 2 -specific binding PH domains, consideration must be given to the abundance of the different lipids. PI(4,5)P 2 is 25-fold more abundant than PI(5)P, and 500-fold more abundant than PI(3,4)P 2 [9] , suggesting that in vivo PI(4,5)P 2 is the most relevant ligand for the anillin PH domain and is involved in the enrichment of anillin at the cleavage furrow. Additionally, other factors may also influence anillin binding to PIPs in vivo. Multimerization of anillin, as the S. pombe homolog Mid1p [20] , could increase its avidity for the PI(4,5)P 2 , a mechanism utilized by dynamin [21] . Alternatively, PI(4,5)P 2 binding to anillin could affect anillin's interaction with other binding partners, thereby regulating anillin activity during cytokinesis.
Anillin-PIP Interaction Is Required for Cytokinesis and Actin Enrichment at the Furrow
To determine the role of anillin binding to PI(4,5)P 2 in cytokinesis, we carried out small interfering RNA (siRNA) rescue experiments where endogenous anillin was depleted by siRNA in cells expressing siRNA-resistant variants of anillin ( Figure S2 ). Depletion of anillin caused an increase in the percentage of binucleate cells, a phenotype reversed upon expression of wild-type siRNA resistant anillin. However, anillin containing the T and G mutations could not rescue cytokinesis ( Figures S2B and S2C) , suggesting that cytokinesis requires anillin to interact with PI(4,5)P 2 .
To determine whether the only role of the PH domain is to bind PI(4,5)P 2 , we created a chimeric anillin where the PH domain was replaced by the PI(4,5)P 2 binding PH domain of phospholipase C-d1, PLCd1. The chimeric anillin, anillin-DPH + PLCd1-PH, restored anillin localization ( Figure 3A) , whereas anillin DPH failed to localize to the furrow ( Figure S1 ). However, in anillin-depleted cells expressing the chimera, cytokinesis could not be completed. Instead the binucleate phenotype persisted ( Figure 3B ), suggesting that the anillin PH domain is required for more than interacting with PIPs. The chimera localized to ingressing furrows ( Figure 3A) , suggesting the PH domain's additional role is at a later stage of cytokinesis.
To determine the additional function of the anillin PH domain, we analyzed the effect of chimera expression on known anillin interacting partners. Actin is normally enriched in the furrow, compared to the pole (13.74 6 2.71-fold, Figure 3C ; Figure S3A ). However, depletion of anillin caused a redistribution of actin throughout the cortex of the cell ( Figure 3C ; Figure S3A ) [7] . Expression of GFP-anillin or the chimera in anillin-depleted cells rescued actin recruitment to the furrow (15.95 6 3.31-and 15.45 6 4.90-fold enrichment, respectively; Figure 3C ; Figure S3A ).
The Anillin-PIP Interaction Is Required for Correct Furrow Ingression
In dividing wild-type cells, symmetrical furrow ingression occurs in the middle of the cell. In contrast, in anillin-depleted cells, furrow ingression did not stabilize in the center of the cell [7, [22] [23] [24] and ingression was asymmetric. We analyzed this further in live cells using RFP-Liveact [25] as a reporter for the actin cytoskeleton (Figures 3D and 3E ; Figure S4 ). To quantify these observations, we generated two indices ( Figure 3E ). The symmetry index measured the ratio of the depth of furrow ingression on one side of the cell compared to the other side of the cell. An index of 1.00 indicates that the cleavage furrow ingresses equally and symmetrically, and indices above 1.00 indicate asymmetric furrow ingression. The stabilization index measures the ratio of the distance of the cleavage furrow from one pole of the cell to the other. An index of 1.00 indicates a centrally maintained furrow and indices greater than 1.00 indicate ingression away from the cell center.
Mock-treated cells had an ingression index of 1.11 6 0.03 and a stabilization index of 1.06 6 0.02 ( Figure 3F ). In contrast, depleting anillin resulted in an ingression index of 2.5 6 0.24 and a stabilization index of 1.32 6 0.1 ( Figure 3F ), indicating asymmetric furrow ingression that was not stabilized in the cell center. Expression of GFP-anillin rescued ingression symmetry (ingression index 1.09 6 0.02) and furrow stabilization at the cell center (stabilization index 1.05 6 0.01). Likewise, expression of the chimera rescued ingression symmetry (ingression index 1.1 6 0.03) and almost completely rescued centralized furrow stabilization (stabilization index 1.1 6 0.02) The following abbreviations are used: maltose-binding protein, MBP; wild-type, WT; nd, not determined.
( Figure 3F ). To determine the role of PI(4,5)P 2 in these processes, we depleted PI(4,5)P 2 by expressing Sj2. Sj2 expression increased the ingression index (1.92 6 0.15) and the stabilization index (1.28 6 0.02) indicating that depletion of cellular levels of PI(4,5)P 2 causes similar effects on cleavage furrow ingression as depletion of anillin.
PIP and Septin Binding Are Functions of the Anillin PH Domain Next, we examined the septins because the septin interacting domain lies in the C terminus of anillin [6] . Depletion of anillin caused a redistribution of septins 2, 9, and 11 from the furrow to the poles of the cell ( Figure 3C ; Figures S3B-S3D ), a phenotype rescued by expression of GFP-anillin ( Figure 3C ; Figures  S3B-S3D ). In contrast, the chimera did not rescue septintargeting to the furrow in anillin-depleted cells ( Figure 3C ; Figures S3B-S3D ). These data suggest two functions for the PH domain: binding to PI(4,5)P 2 for furrow targeting and recruitment of the septin cytoskeleton to the furrow. Our findings demonstrate at least two functions for the anillin PH domain: targeting anillin to the furrow through binding to PI(4,5)P 2 and recruitment of the septin cytoskeleton to the furrow. The PI(4,5)P 2 binding is required for targeting anillin to the furrow early in cytokinesis and facilitates the enrichment of actin at the furrow. Because the anillin chimera facilitates actin recruitment to the furrow in the absence of endogenous anillin, this suggests that actin recruitment can be independent of septin recruitment to the furrow. During this early phase of cytokinesis, the anillin-PI(4,5)P 2 interaction maintains the correct cortical tension to prevent the furrow sliding in the plane of the membrane, which anillin is necessary for [24] . In addition, in HeLa cells, anillin-PI(4,5)P 2 interaction maintains the equal application for the force generated by the cytokinetic ring allowing symmetrically ingression of the furrow. It is not clear why in HeLa cells anillin should be required to maintain furrow symmetry but in Caenorhabditis elegans embryos should be required to break symmetry [26] . These anillin functions are independent of septin recruitment to the furrow because the anillin chimera facilitates these functions in the absence of septins at the furrow. However, septin depletion causes similar effects on furrow stability as anillin depletion [27] . Therefore, in a wild-type cell, anillin and septins may function in complimentary pathways, perhaps through different downstream effectors, to maintain furrow stability. With the increasing number of anillin-interacting partners it will be important to determine the interrelationship of these interactions and how they regulate cytokinesis.
Experimental Procedures
A detailed description of the experimental procedure used in this study can be found in the Supplemental Information.
Supplemental Information
Supplemental Material includes four figures, one table, and Supplemental Experimental Procedures and can be found online at doi:10.1016/j.cub. 2011.11.040.
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